O ptimal epilepsy management includes five important elements: rational treatment selection, efficacy, off-target effects, adherence and interactions and dosing issues. Perampanel (2-[2-oxo-1-phenyl-5-pyridin-2-yl-1,2-dihydropyridin-3-yl]benzonitrile; E2007) is the first potent, selective, orally-active non-competitive alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor antagonist approved for the treatment of patients with epilepsy. Results from randomised controlled trials and real-world studies of refractory epilepsy populations treated with perampanel showed effective frequency reduction for both focal-onset seizures (without and with secondary generalisation) and for primary generalised tonic-clonic seizures. Perampanel therapeutic doses have been calculated to only inhibit a fraction of AMPA receptors, thereby to enable sufficient seizure control without substantial impairment of neurological function. Further investigation in special subpopulations of people with epilepsy, including the elderly and people with learning disability or psychiatric comorbidities, is warranted. With an average long half-life of 105 hours, perampanel may be more forgiving in circumstances of suboptimal adherence. Perampanel is not a strong inducer or inhibitor of cytochrome P450 enzymes, and dose adjustment is not always required for the elderly or for those with mild renal impairment.
As the armamentarium of anti-epileptic drugs (AEDs) continues to expand, epilepsy management is becoming increasingly complex.
This necessitates multiple considerations for the choice of the most appropriate AED that can broadly be organised into five categories:
(i) rational treatment selection (taking into account mode of action of AEDs); (ii) efficacy with respect to seizure control according to the patient's expectations and needs (and taking into account the seizure type(s) and syndromes); (iii) off-target effects, whereby an AED interacts with a system other than that for which it is intended (may be beneficial, 1 This review will examine these five considerations for epilepsy management as a treatment selection framework and will explore to what extent perampanel fulfils these requirements. For this purpose, the work is based on three symposia, initiated and funded by Eisai Europe, Ltd 
Rational treatment selection
A good understanding of AED mechanisms of action (MOAs) may facilitate decision-making on the most appropriate AED or AED combination for an individual patient.
Role of the AMPA receptor in epilepsy and the mode of action of perampanel
Targeting the alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors for treatment of patients with epilepsy has generated considerable interest over the past few decades. An epileptic seizure is characterised by sudden disruption of the brain's normal electrical activity. Neurotransmitters are released when action potentials arrive at the pre-synaptic neuron 2 opening voltage-gated calcium ions channels and allowing calcium ion influx. Calcium ions trigger exocytosis, releasing transmitter from vesicles into the synapse.
Transmitter molecules bind to post-synaptic receptors, activating them and generating excitatory post-synaptic potentials (EPSPs). If sufficient EPSPs are triggered, the post-synaptic neuron is activated and action potentials occur. Synchronous EPSPs in groups of neighbouring neurons are responsible for epileptic field potentials. 3 Glutamate is the principal excitatory neurotransmitter in the brain and glutamate-mediated excitatory neurotransmission is known to be critical in the pathophysiology of epilepsy. 3, 4 There are three families of glutamatergic ionotropic receptors with intrinsic cation permeable channels (N-methyl-D-aspartate [NMDA], AMPA and kainate). 5 Glutamate, via the AMPA receptor, drives fast synaptic excitation at individual synapses, and across networks, whereas NMDA receptors are involved in synaptic plasticity and long-term potentiation induction. AMPA receptor antagonists, in contrast to NMDA receptor antagonists, are not known to impact synaptic plasticity, long-term potentiation and memory. 2 The AMPA receptor is the predominant mediator of excitatory neurotransmission in the central nervous system (CNS). These receptors are mainly located post-synaptically and are critical to the generation and spread of epileptic activity. 2 There are several lines of evidence to support the key role of the AMPA receptor in epilepsy.
In early development, calcium-permeable AMPA receptors prevail and can be involved in increasing cellular calcium ion concentrations and subsequently neurotoxicity in animal models of epilepsy. 6 AMPA and NMDA receptors play different roles during epileptiform activity in vitro. 7 Blocking NMDA receptors does not eliminate the epileptiform burstingthe later bursts are inhibited but the discharge can still be triggered. By contrast, blocking AMPA receptors eliminates the epileptiform activity altogether. Perampanel has shown anti-epileptic activity in different animal models of epilepsy (Table 1) , binding even when glutamate levels are high owing to its non-competitive binding properties. 8 Example of the involvement of AMPA receptors: focal seizures associated with brain tumours Focal seizures with or without secondary generalisation, are the most common symptom of brain tumours; 9 30-50% of these patients present with seizures; and 10-30% develop seizures later. Symptomatic management is essentially the same as for focal seizures, on the assumption that a focal brain lesion is responsible. 10 Seizures associated with primary brain tumours are difficult to treat and often drug resistant; in a large cohort study, complete seizure control was achieved in 20 of 158 (12.6%) patients with a brain tumour.
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Impaired glutamate homeostasis in and around tumours is central to seizure generation. 12 Gliomas release glutamate, which has been shown to induce epileptiform activity in mice. 13 Moreover, in human glioma samples, peri-tumoural glutamate levels correlate with post-operative seizure recurrence.
14 AEDs targeting the glutamate system may therefore have potential for seizure management. Electrophysiological recordings in brain slices from nine adults who underwent glioma resection showed spontaneous inter-ictal discharges; perampanel reduced the frequency of discharges, and eliminated them at higher concentrations. 15 Further, the power of elicited ictal events was significantly reduced by perampanel. Perampanel is a treatment option for focal seizures associated with brain tumours; its efficacy in this setting has been demonstrated in case studies (Rosche et al. 16 and data not shown) although in phase III studies of add-on perampanel in focal seizures, patients with progressive CNS tumours were excluded.
Rational polytherapy
Within the concept of 'rational polytherapy' it is thought that combining AEDs with different MOAs should be more effective than combining treatments based on the same mechanism. In theory, this approach covers multiple targets without risking additive adverse events (AEs). 17 Indeed, in a real-world setting (n=8,615), AED combinations with different MOAs were associated with greater treatment persistence (measured as the number of days from the index AED combination date to the end of the index combination, the end of enrolment, or the end of available data [31 March 2011] , whichever occurred first) than using combinations with the same MOAs. 18 Sodium channel blockade has been recognised as a major anticonvulsant mechanism in epilepsy. 19 The majority of available AEDs mainly exert their effects through modulation of sodium or calcium channels, direct modulation of synaptic release, or enhancement of gamma-aminobutyric acid (GABA)-related mechanisms. Up to now, perampanel is the first and only approved selective and non-competitive AMPA receptor antagonist. 20 In three phase III randomised, double-blind, placebo-controlled trials of add-on perampanel in patients (n=1,478) with refractory focal seizures, add-on perampanel in combination with one or more of the four most commonly co-administered AEDs (carbamazepine, valproic acid, lamotrigine, and levetiracetam), was efficient at reducing focal seizure frequency and improving responder rates compared with placebo, and was generally well tolerated. 21 In addition, some preclinical data suggest a supra-additive efficacy of the combination of perampanel with zonisamide in a chronic epilepsy rat model. 22 Zonisamide modulates GABA-mediated neuronal inhibition, voltage-sensitive sodium channels and T-type calcium currents, thereby disrupting synchronised neuronal firing, reducing the spread of seizure discharges and disrupting subsequent epileptic activity. 23 The MOA of perampanel supports its use for anti-epilepsy treatment as part of rational polytherapy. However, data supporting the premise of combining drugs with different MOAs are limited to the valproic acid and lamotrigine combination 24 and further investigation into this area is warranted. The concept of rational therapy remains therefore unproven as yet.
Seizure control
A crucial component of the therapeutic goal for epilepsy is to provide optimal seizure control, which meets, as far as possible, the patient's expectations and needs. Perampanel is indicated for the adjunctive treatment of patients with focal-onset seizures, with or without, secondarily generalised seizures, in adult and adolescent patients from 12 years of age with epilepsy; and for the adjunctive treatment of patients with PGTC seizures in adult and adolescent patients from 12 years of age with idiopathic generalised epilepsy. 25 The efficacy and safety of perampanel have not been established for absence or myoclonic seizures, although perampanel does not seem to worsen absence/myoclonic seizures. 1 The phase III clinical perampanel programme included one multicentre, double-blind, placebo-controlled study in adolescent and adults with uncontrolled PGTC seizures and IGE, 17 and three multinational, double-blind, placebo-controlled studies of adjunctive perampanel (2-12 mg) in adolescents and adults with uncontrolled focal seizures despite receiving 1-3 AEDs. [25] [26] [27] For the three clinical trials conducted in patients with uncontrolled focal seizures, the primary endpoint was the percentage of patients achieving at least 50% reduction in the frequency of all focal seizures per 28 days, i.e., the 50% responder rate. In pooled intent-to-treat analysis (n=1,478), 50% responder rates for all focal seizures were significantly greater for perampanel compared with placebo (perampanel 4 mg, 28.5%; 8 mg, For the clinical trial performed in patients with uncontrolled PGTC seizures and IGE, the 50% responder rate for PGTC seizures (primary efficacy endpoint) was 64.2% for perampanel and 39.5% for placebo and the median PGTC seizure reduction was 76.5% for perampanel versus 38.4% for placebo. 28 A median daily dose of 8 mg was achieved by 65 patients (80.2%) treated with perampanel. PGTC seizure freedom during the maintenance phase was 30.9% for perampanel and 12.3% for placebo. To ensure enrolment of a pure population of patients with IGE, this study used an external review of every enrolled patient. The tolerability profile of perampanel shown in this study was consistent with that from studies conducted in focal seizures. 28 AEs occurring in ≥10% with perampanel were dizziness (32.1%), fatigue (14.8%), headache (12.3%) somnolence (11.1%), and irritability (11.1%). Seizure control established during this core study was maintained over the course 31 Reallife data allow information to be obtained on larger sample sizes than in randomised, controlled, clinical trials. Important insights are also gained in terms of long-term effectiveness, efficacy at different stages of treatment, patients with co-morbid conditions, and the inclusion of concomitant medication. Unusual adverse reactions may only be detected when a large population is exposed, and, finally, populations not studied in regulatory studies (e.g., the elderly, patients with learning disabilities, hepatic or renal impairment, etc.) can be included in realworld data analysis.
A large project, the pan-European real-world experience with perampanel, is ongoing. To date, pooled data from 25 epilepsy centres in Europe were analysed with the aim of providing a large dataset reflecting perampanel clinical use, including tolerability data and information on patient subpopulations, which are typically only reported as single cases or small case series. 32 Preliminary analysis has been undertaken in 1125 epilepsy patients taking add-on perampanel and final results are expected in mid-2017. In 844 patients with retention data, 61% were still receiving perampanel at 12 months (median dose, 6 mg), the reasons for discontinuations are still unknown for about onethird of cases, but further study is in place to address this. Overall, realworld data on perampanel, including the seizure freedom rate, seem in line with those from the clinical trial programme (Figures 1 and 2) .
Most real-world data with perampanel are available for patients with focal seizures. 33 However, few treatment options are available for patients with PGTC seizures and more real-world evidence is needed. A recent retrospective, single-centre post-marketing study review of medical records includ patients with focal, secondarily generalised, PGTC, and other seizures, 34 including data for 101 patients taking perampanel. The responder rate (50% seizure frequency reduction) was 51% overall; and 53% in PGTC seizures. Most common AEs in the overall population were sleepiness/fatigue (18%), dizziness/falls (18%), and behavioural problems such as aggression, irritability and mood changes (15%).
Therefore, from the limited real-world evidence available in PGTC seizures, perampanel appears to be effective and well tolerated.
Efficacy and safety of perampanel in special sub-populations
In contrast to randomised clinical trials in epilepsy, the selection of AEDs in clinical practice is highly individualised and needs to consider many factors: attitudes, age, gender, seizure spectrum activity, AE profile, interactions, comorbidities, contraindications, dosing and cost.
Intellectual disability and psychiatric comorbidities are both common in people with epilepsy; approximately a quarter of people with epilepsy have intellectual disability 35 and their lifetime prevalence of psychiatric comorbidities is as high as 35%. 36 Unfortunately, this significant population of patients is excluded from participation in randomised, clinical trials of AEDs. 35 Thus, there are no current guidelines on AED selection in people with intellectual disability and the real-world evidence is sparse. In addition, in patients with epilepsy and, in particular, in this subpopulation, it is important to understand cognitive impact of AEDs. A recent retrospective study has specifically reported the use of perampanel in patients with refractory epilepsy and learning disability and/or psychiatric comorbidity. 37 Retrospective data were pooled from adult patients (n=101) who had received perampanel between 1 May 2014 and 3 June 2015 in a tertiary centre in France.
Outcomes in patients with intellectual disability or learning disability were similar versus those without, with no significant differences in rates of AEs, responder rate or withdrawals. However, no patients with intellectual disability became seizure free versus 11.1% (seven patients) of those without intellectual disability ( Figures 3A and 3B ). Outcomes were comparable between patients with psychiatric disorders versus those without ( Figure 3C ).
Another population that needs to be considered are elderly patients, as they are under-represented in the clinical trials and require specific considerations with respect to AED selection. 38 Efficacy and side effects might differ compared with other age groups owing to agerelated brain anatomical and electrophysiological changes; differences in predominant seizure aetiology (e.g., stroke) and often higher risk of sedation, balance disorders and impact on cognitive function. In addition, there are considerations for AED selection with respect to concomitant medications. So far there is limited real-word evidence on the use of perampanel in the elderly population. In the Salzburg prospective audit, the efficacy and tolerability of perampanel in 20 elderly patients (mean age 69.8 years) were compared with that in 65 younger patients (mean age 36.8 years). 33 Over 57 months, 35% (7/20) of elderly patients were seizure free compared with 13.8% (9/65) of younger patients (p=0.009). In the same line, in a multicentre, retrospective observational study with an overall cohort of 464 patients with refractory focal epilepsy of whom 25 were aged ≥65 years, age ≥65 was a predictor of seizure freedom at 12 months. 39 More real-world data in this subpopulation are needed.
Off-target effects
Off-target effects are important to consider in epilepsy management; perampanel, the therapeutic doses have been calculated to only inhibit a fraction of AMPA receptors, so that its efficacy does not come at the cost of substantial impairment of neurological function. 40 A review of the pooled phase III data on the safety profile of perampanel in patients (age 12 and older) with focal epilepsy with or without secondary generalisation has revealed a relatively low incidence of serious treatment-emergent AEs (5.5%), particularly at low doses, and the majority of treatment-emergent AEs were mild or moderate in intensity. 41 Common neurological AEs associated with perampanel include dizziness, somnolence, ataxia, dysarthria, balance disorder and irritability. 1 The safety profile of perampanel in the phase III clinical trial programme appeared consistent with that from real-world data (Figure 1 ).
Impact on behavioural change in epilepsy
Epilepsy, AEDs and cognition appear to form an inseparable triad.
Epilepsy is associated with a broad range of neuropsychological and psychiatric comorbidities: anxiety, depression, attention deficit hyperactivity disorder (ADHD), psychosis, panic attacks, cognitive impairment and bipolar disorder. 42, 43 Depression is the most frequent psychiatric comorbidity in people with epilepsy, with lifetime prevalence rates from 30-35%. 44 ADHD symptoms occur in nearly 20% of adults with epilepsy and are associated with increased psychosocial morbidity and lowered quality of life. 45 The prevalence of anxiety disorders and psychotic disorders in patients with medically refractory focal epilepsy is about 19% 46 and 7% of patients, 47 respectively. Psychiatric comorbidities become an even more pressing issue with more severe epilepsy; in one study, 198 (40%) of 490 patients with refractory focal epilepsy had psychiatric comorbidities 48 and up to 65% of temporal lobectomy surgical patients have Diagnostic and Statistical Manual of Mental Disorders (DSM) axis I psychiatric disorder, most commonly depression, anxiety and organic mood/personality disorders. 50 For example, agitation, irritability, impulsivity, anger, hostility, aggression and violence could be associated with the use of AEDs. 51 Serious or life-threatening psychiatric and behavioural adverse reactions including aggression, hostility, irritability, anger, homicidal ideation and threats have been reported in patients taking perampanel. 52 There are common neurotransmitter systems and brain regions implicated in both epilepsy and aggression, including the GABA, glutamate, serotonin, dopamine, and noradrenaline systems and the hippocampus, amygdala, prefrontal cortex, anterior cingulate cortex and temporal lobes. In addition, high starting dose, rapid titration, and personal and family psychiatric history all appear to be risk factors for behavioural and/or psychiatric effects. 53 Other factors may also have an impact on the risk of development of psychiatric or behavioural side effects. For example, genetic variation in dopaminergic activity is associated with the risk of psychiatric side effects with levetiracetam 54 and, although personalised therapy for
epilepsy has yet to be developed, this may represent an opportunity to limit such AEs when selecting AEDs. Whether these behavioural and/ or psychiatric symptoms are primarily caused by the AEDs themselves or the underlying epileptic disease is subject to debate. Table 3) . 55 In a study of 247 untreated patients with newly diagnosed epilepsy, in whom the average age was 47 years, impairments in attention and executive functions were observed in 49.4% of patients and memory deficits in 47.8%. 56 A review of studies in newly diagnosed and new-onset epilepsies likewise showed that cognitive deficits are already very common (14-92%) at epilepsy onset. 55 In addition, executive function has been shown to decline with increasing number of AEDs. 57 In a retrospective analysis of 834 patients, total drug load was measured first, by the number of concurrent AEDs and second, as the total drug load according to defined daily dose (DDD) as provided by the World Health Organization. The cognitive measures showed higher inverse correlations with the number of AEDs (executive function: r=-0.35, p<0.001; memory: r=-0.22, p<0.001) compared with the total DDD (executive function: r=-0.27, p<0.001; memory: r=-0.17, p<0.001). A significantly lower performance in executive function was observed with each additional AED in polytherapy. In a study of 247 middle-aged patients with new onset epilepsy, impairments in memory and attention were reported in 48-49%. 56 Studies in epilepsy surgery patients have demonstrated that AED withdrawal achieves incremental IQ gains. [58] [59] [60] In a recent, randomised, placebo-controlled, phase II, double-blind study in adolescents with uncontrolled focal-onset seizures (n=133), no statistically significant difference was reported for add-on perampanel versus placebo in Cognitive Drug Research global cognition score. 61 In this study, perampanel was increased weekly in 2-mg increments to 8-12 mg/day during 6-week titration and the maintenance phase lasted 13 weeks. The AED(s) used is only one of several influences on cognition; however, cognition can improve when seizures are controlled by AED. 62 Whether cognitive impairments in patients with epilepsy are caused primarily by AEDs is therefore highly debatable but AEDs, especially in polytherapy, can worsen pre-existing deficits.
Adherence
Adherence to treatment is a critical component of epilepsy management. Non-adherence to AEDs is associated with severe clinical consequences, including increased health care utilisation and increased mortality. 63, 64 A relationship has been reported between poor compliance and the risk of seizures whereby every increase in daily dose frequency increased the likelihood of a seizure after a missed dose by 36%. 65 Further, in an analysis of 76 studies reporting compliance measured by electronic monitoring in various disorders, the prescribed number of doses per day was inversely related to compliance: 79% ± 14% if the drug was taken once daily, 69% ± 15% if twice daily, 65% ± 16% if three-times daily, and 51% ± 20% if four-times daily. 66 Many other factors influence whether patients take their medication as directed by their doctors and it is important to help optimise the probability of adherence. 67 A positive therapeutic alliance will take into account patient-related factors and the factors related to the treatment, such as tolerability. This involves consideration of simple AED regimens (e.g., once daily), using educational tools or technology to help patients to remember to take their medication, facilitating patients' self-care ability and generally developing good relationships with patients so as to understand their thoughts and feelings about their medication without being judgemental.
Interactions and dosing
Many AEDs stimulate the synthesis of a wide range of monooxygenase and conjugating enzymes, which impact on the pharmacokinetics of other drugs. These include many lipid-and non-lipid-soluble drugs, including anticoagulants, cytotoxics, analgesics, antiretrovirals, glucocorticoids, statins, antihypertensives, oral contraceptives, psychoactive drugs, immunosuppressants, as well as other AEDs. Such interactions have long-term health implications including osteoporosis, sexual dysfunction and vascular disease. 68 This may be a particularly relevant concern for the elderly, in whom it may be especially important for dosing and frequency considerations to fit in with patients' other drugs and routines. Perampanel is not a strong inducer or inhibitor of cytochrome P450 enzymes, and dose adjustment is not specifically recommended for the elderly or for those with mild renal impairment. 1 As previously mentioned, perampanel therapeutic doses have been calculated to only inhibit a fraction of AMPA receptors. 40 Further, perampanel has a half-life of approximately 105 hours so that even after abrupt treatment discontinuation, blood levels fall gradually.
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Concluding remarks
The choice of the most appropriate AED for each patient is a crucial step in epilepsy management that could take into account five important elements: rational treatment selection, seizure control, off-target effects, and adherence as well as interactions and dosing issues. The risks of inadequate seizure control should be seriously considered, as seizure control is an important determinant of injury and sudden unexpected death from epilepsy (SUDEP), but also of social and professional function. 60 Perampanel is the first potent, selective, orally-active non-competitive AMPA receptor antagonist approved in the treatment of epilepsy.
Overall, results in a real-life uncontrolled epilepsy population treated with perampanel showed a broadly similar level of clinical response as in the randomised controlled trials. However, more real-world data in special subpopulations of people with epilepsy, including the elderly and people with learning disability and/or psychiatric comorbidities, are needed.
The MOA of perampanel, its long half-life, together with its efficacy in both focal onset seizures and PGTC seizures in IGE, places it as an interesting option as part of rational anti-epileptic treatment. Witt and Helmstaedter, 2013. 57 
